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Introduction

This report is organized into three chapters, each based on papers written by
Chandrasekaran, Dexter and Luther (Chapter 1) or Chandrasekaran and Dexter (Chapters
2 and 3). All of the data included has been presented by Chandrasekaran or Dexter at
National and International meetings, and it appears in the following publications resulting
from the grant:

S. C. Dexter, 1992, "Implications of Biological Effects to Localized Corrosion of Stainless
Alloys," Proceedings 1st Pan American Congress on Corrosion and Protection, Mar del
Plata, Argentina, October, 1992, p. 485-500.

P. Chandrasekaran and S.C. Dexter, 1993, “Mechanism of Potential Ennoblement on Passive
Metals by Seawater Biofilms,” Paper No. 493, CORROSION/93, NACE International,
Houston, TX.

S. C. Dexter, P. Chandrasekaran, H-J Zhang and S. Wood, 1993, "Microbial Corrosion in Marine
Environments: Effect of Micro-fouling Organisms on Corrosion of Passive Metals",
Proc. 2nd USA/Argentina Workshop on Biocorrosion and Biofouling, Buckman
Laboratories Intl., Inc., Memphis, TN, pp. 171-180.

R.G.J. Edyvean and S. C. Dexter, 1993, “MIC in Marine Industries,” in Microbiologically
Influenced Corrosion, A Practical Manual, G. Kobrin, Ed., NACE International,
Houston, TX, pp. 47-63.

P. Chandrasekaran and S.C. Dexter, 1993, “Factors Contributing to Ennoblement of Passive
Metals Due to Biofilms in Seawater,” Proc. 12th International Corrosion Congress Vol.
5B, NACE Internatinal, Houston, TX, pp. 3696-3707.

S. C. Dexter, H-J. Zhang and P. Chandrasekaran, 1994, "Biofouling Effects on Corrosion of
Stainless Alloys in Seawater," Biotoxins, Biodegradation and Biodeterioration Research
IV, Plenum Press, pp. 596-617.

P. Chandrasekaran and S. C. Dexter, 1994, “Bacterial Metabolism in Biofilm Consortia,” Paper #
276, CORROSION/94, NACE, International, Houston, TX.

P. Chandrasekaran and S. C. Dexter, 1994, “Thermodynamic and Kinetic Factors Influenced by
Biofilm Chemistry Prior to Passivity Breakdown,” Paper # 482, CORROSION/94,
NACE, International, Houston, TX.

S. C. Dexter, 1994, “Mechanism of Ennoblement by Biofilms on Active/Passive Alloys
Immersed in Seawater,” in Proc. Tri-Service Conference on Corrosion, June, 1994,
Orlando, FL.

S. C. Dexter, 1995, "Effect of Biofilms on Marine Corrosion of Passive Alloys," in Bioextraction
and Biodeterioration of Metals, C. Gaylarde and H. Videla, Eds., Cambridge University
Press, pp. 129-168.




Chapter 1

Presence of Peroxide in Marine Biofilms and Its contribution to
Potential Ennoblement on Passive Metals

Abstract

Platinum metal coupons were used in studying the mechanism of ennoblement of open
circuit potential (OCP) due to marine biofilms. Presence of peroxide in the low millimolar range
(possibly as a by product of bacterial metabolism) has been verified in biofilms formed in two
widely separated geographical locations. Experiments with enzymes indicated that some dissolved
oxygen was necessary in the bulk solution for ennoblement to occur. ~Abiotic simulation
experiments demonstrated, however, that an acid pH at the metal-biofilm interface is also necessary
for the observed amount of ennoblement on platinum to be achieved in the presence of peroxide.
The possibility of pH below 3 in marine biofilms was indicated by growing organisms from the
film on agar media containing pH indicating dyes. It is suggested that one mechanism for
ennoblement involves a synergistic effect of peroxide and acid pH at low oxygen within the biofilm

near the metal surface.

Key words: Ennoblement, peroxide, interfacial chemistry, bacterial metabolism, passive, seawater.

Introduction

Biofilm formation in natural waters over different substrata is a well studied phenomenon
(Corpe, 1970). However, the interfacial chemistry changes produced by bacterial attachment and
colonization are challenging to study due to the small dimensions of the biofilm, intriguing
complexity of marine biofilm consortia and metabolism, and the lack of in-situ analytical
techniques to suit the dimension of the biofilm (Characklis and Wilderer, 1989). It is well
documented that biofilms from natural waters of all salinities ennoble passive metal corrosion
potentials (Mollica and Trevis, 1976; Johnsen and Bardal, 1985; Johnsen and Bardal, 1986; Mollica
et al., 1988; Dexter and Gao, 1988; Scotto et al., 1985; Scotto, 1988; Mollica, 1992; Salvago et al.,
1992; Eashwar et al., 1993). There have also been a few published instances where ennoblement
did not occur (Mansfeld and Little, 1991; Mansfeld et al., 1992). It is firmly believed that the

interfacial chemistry changes are directly responsible for this ennoblement phenomenon.




An extensive literature review (Dexter and Lin, 1988; Chandrasekaran and Dexter, 1993a;
Buchanan et al., 1989; Chandrasekaran and Dexter, 1993b; Van den Brink et al., 1980) suggests
that potential ennoblement in the presence of biofilms could be a result of enhancement of the
oxygen reduction reaction by 1) a decrease in pH, 2) macrocyclic organo-metallic catalysis or 3)
bacterially produced enzymatic catalysis. Dexter and Lin (1988) and Buchanan et al (1989) have
put forward a mechanism based on lowering of pH in a biofilm. Lowering of pH within a biofilm is
thought to be a major contributor for ennoblement because the potential of the oxygen reduction
reaction shifts noble by 59 mV for each pH unit decrease (Pourbaix, 1974). But the reasons for pH
decrease within a natural population biofilm formed in seawater are not well understood. However,
recent studies in our laboratory indicate that biofilms formed over platinum coupons accumulate
heavy metals like iron and manganese due to bacterial metabolism (Chandrasekaran and Dexter,
1993b; Chandrasekaran and Dexter, 1994a). The accumulated heavy metals can undergo
hydrolysis and contribute to decrease in pH (Chandrasekaran, 1995). However, substantial
decrease in pH can also occur due to acid producers, secretion of extracellular acidic polymers, or
other reactions like oxidation of reduced bacterial metabolites (sulfides or organic compounds) by

oxygen or peroxide (Millero et al, 1989; Luther, 1990).

Recently, a new hypothesis for ennoblement mechanism has been put forth by Mollica
(1992) and Eashwar et al., (1993) in which the biofilm pH is considered to be neutral for
ennoblement. Mollica (1992) measured the OCP of stainless steel in seawater acidified down to pH
5. Since the OCP did not rise to the level observed for biofilms, he ruled out the possibility of
acidification as a mechanism for ennoblement. Mollica (1992) hypothesized that ennoblement is
due to depblarization of the cathodic oxygen reaction by bacterially produced catalytic enzymes
with a maximum efficiency at pH near 8. Eashwar (1993) pointed out that bacterially produced
enzymes are active only at near neutral pH, and he hypothesized that the siderophores produced by

bacteria would be important to ennoblement.

Oxygen reduction by macrocyclic organo-metallic catalysis (Johnsen and Bardal, 1985;
Van den Brink, 1980; Yeager, 1985) using porphyrins, phthalocyanins and tetraazaannulenes in
electrochemical fuel cells (Vanden Brink, 1980; Hancock and Martell, 1989) does not take place

instantaneously at low temperatures as a four electron reduction, but predominantly proceeds




through a single or two electron reduction process with peroxide as an intermediate. Other factors
such as electrode surface coverage by the catalyst (Bettelheim et al., 1980; Ozer et al., 1989;
Bettelheim et al., 1987; Anson et al., 1985), differences in central metal atom and the substitution
on the porphyrin ring (Tarasevich et al., 1977; Kobayashi and Nishiyama, 1984; Kuwana et al.,
1978; Yeager, 1976), electron transfer rate from the electrode surface to the catalyst (Saveant and
Vianello, 1963; Bettelheim et al., 1979; Anson, 1983; Therien et al., 1991), and solubility of the
catalyst (Kuwana et al., 1978; Forshey and Kuwana, 1983; Bettelheim and Kuwana, 1979; Chan et
al., 1985) are thought to be contributing reasons for peroxide production. Yeager (1986) explained
that conformational difference in the orientation of catalyst on the electrode surface can also give
rise to peroxide production. However, a four electron oxygen reduction is also possible using a
specifically engineered catalyst molecule like dicobalt cofacial porphyrin dimer (Collman et al.,
1981). Porphyrins are present in the respiratory system of bacteria (Brock and Madigan, 1988) and
can be anticipated to be released into the biofilm matrix due to cell lysis (Lock et al., 1984). These
porphyrin compounds can participate in oxygen reduction electrocatalysis. If this is true, then it can
be anticipated that peroxide is produced as an intermediate due to abiotic oxygen reduction in a
predominantly biotic system. The contribution to peroxide production can be significant as the
biofilm matures and releases a substantial quantity of porphyrin in the biofilm. Presence of

Peroxide in marine biofilms was speculated by Salvago et al., (1992) as a reason for ennoblement.

The biotic component of peroxide production can come from the bacterial metabolism
itself. Microorganisms have different requirements of, and tolerance for oxygen. Bacterial
respiration produces various forms of oxygen reduction products that are toxic to the organisms
(Brock and Madigan, 1988; Price and Morel, 1990; Gottschalk, 1986). In order to deal with the
toxic products, bacteria have three enzymes, catalase, peroxidase and superoxide dismutase (Brock
and Madigan, 1988; Price and Morel, 1990; 'Gottschalk, 1986; Morris, 1984). These enzymes are
also porphyrin type compounds. Various groups of microorganisms have different levels of
enzyme activity. Aerobic microorganisms have all three enzymes, whereas obligate anaerobes lack
one of the three enzymes, contributing to their inability to function in aerated environments
(Gottschalk, 1986). The enzyme system works in a coordinated fashion as shown below and

controls the concentrations of toxic forms of oxygen (Gottschalk, 1986).




Superoxide Dismutase 0, +0, +2H"—» H,0,+ 0, )
Catalase H,0, + H,0, - 2H,0+ O, )]
Peroxidase H,0,+ NADH + H* — 2H,0 + NAD* 3)

Where NADH and NAD" are reduced and oxidized forms of nicotinamide adenine dinﬁcleotide.

The superoxide dismutase enzyme breaks down superoxide free radical into peroxide and
oxygen, whereas peroxidase and catalase limit the peroxide concentration. Of the toxic compounds
produced above, peroxide is a well known oxidizer. In a natural assemblage biofilm, it can readily
be seen that the enzyme system will limit the concentration of the toxic products. It can also be
anticipated that in a dynamic biofilm, respiration of microbes will always be producing peroxide,
and the enzyme system will be controlling the concentration. This would give rise to a steady state
concentration of peroxide in a biofilm. Inhibition of the enzyme, catalase, resulted in an
appreciable concentration of peroxide in a culture of the marine bacterium, Bacillus 29 (Ghiorse,
1988). In seawater, a concentration of 200 nM peroxide (Palenik et al., 1988) is produced by
photochemical reactions. One study of ground water in sand columns (Britton, 1985) showed

significant toxicity toward inoculated bacteria at H,O, concentrations above 1.5X10° M.

The possibility of peroxide formation as a contributor to ennoblement in natural population
biofilm has been neglected in previous studies. In the present work the contribution of H,0,
towards ennoblement was investigated. Two sites were selected for carrying out the ennoblement
mechanistic studies. One site was on the lower Delaware Bay, at College of Marine Studies (CMS)
Facilities at Lewes, DE and the other one was a tropical environment at Offshore Platform and

Marine Electrochemistry Center on the Gulf of Mannar, a unit of Central Electrochemical Research

Institute at Tuticorin, India.



Experimental Procedure

Since enhancement of the cathodic reduction reaction by acidic pH and peroxide are
suspected to be contributors to ennoblement, experiments were conducted to account for these two
factors. Platinum metal electrodes were used (total area of each coupon was approximately 9 cm?)
to obtain a relatively simple oxygen electrode system for experimental investigations. Platinum
wire electrical leads were attached to the platinum coupons by spot welding. A nickel wire was
further spot welded to the platinum lead. The platinum nickel junction was kept dry by encasing it
in a glass tube with the lower end of the tube sealed to the platinum wire section. The open circuit
potentials of these coupons were measured using a high impedance digital voltmeter, with SCE for

reference, and reasonably stable ennoblement was considered to be indicative of a mature biofilm.

Biofilms were developed on a series of 600 grit polished platinum coupons using once-
through flowing seawater at the College of Marine studies, University of Delaware research
facilities on the Delaware Bay at Lewes. The seawater characteristics during the exposure were:
temperature 22 to 26°C, pH 7.7 to 8.1, salinity 25 to 31 parts per thousand and oxygen air saturated
at 5 to 8 ppm and H,0, below the detection limit of the peroxidase enzyme strip. This water has
typically grown 30 to 160 mm thick biofilms (Dexter and Zhang, 1991) with macroscopically
complete coverage. Due to the thickness of these films, it is usually impossible to count all the
microorganisms. Microscopic examination in the epifluorescence microscope at 1000X after
staining with DAPI reveals a diverse microflora ranging from coccoidal bacteria to short and
curved rods to filamentous forms. The concentration of organisms (Dexter and Zhang, 1991) in the
surface layers of the film varies from 3 x 10° to 2 x 10° cells cm?® of coupon surface. with
significantly higher numbers in microcolonies. The biofilms grown in this study were not
specifically analyzed, but were assumed to be similar to the above. The water characteristics at
Tuticorin during the exposure were: temperature 25.6 to 27.4°C, dissolved oxygen 6 ppm, salinity
33.2 to 33.9 parts per thousand and H,0, below the detection limit of the peroxidase enzyme strip.
Biofilms formed in Tuticorin waters on platinum in the present studies were not analyzed. It is
expected, however, that they should be similar to those already characterized from those same
waters by Maruthamuthu, et al., (1993). They found that the ratio of heterotrophic bacteria to
thiosulfate oxidizing bacteria was high initially, but decreased significantly as the biofilm matured.




At Delaware, electrochemical experiments were conducted using an IBM computer with
PARC 342 software controlled 273A potentiostat (EG & G, Princeton Applied Research) with
standard accessories and cell set up. This set up was used for cathodic polarization of platinum
electrodes with and without biofilm, and for E_,, measurements at various combinations of pH,
peroxide and oxygen. Cyclic voltammetry was carried out using IBM Instruments Inc. EC 225
Voltammetric Analyzer with Hewlett Packard Moseley Division X-Y recorder.  The
voltammograms from the X-Y recorder were scanned directly into a Macintosh computer with
Canvas 2.1 software and printed on a laser printer. Platinum was used for working and counter
electrodes, and SCE for reference. During all the experiments, measurement of dissolved oxygen

was carried out using a YSI model 57 oxygen meter and the pH was measured using Fisher digital

pH meter.

Experiments in which the inorganic bulk water chemistry was varied were carried out to
simulate the conditions thought to exist in a biofilm. The trial and error method was adopted to
verify the oxidation and reduction peaks that were produced. Once the peaks were identified as
oxygen reduction and peroxide oxidation, identification of peroxide in a biofilm was carried out
using peroxide indicator strips bought from E. Merck. Peroxidase enzyme transfers oxygen from
peroxide to an organic redox indicator, which is then converted to a blue colored oxidation product.
The concentration of peroxide present is determined by comparing the intensity of the blue color to
a standard color chart. The minimum and maximum detectable limits of peroxide concentration
using this technique are 0.5 ppm (0.014 mM) and 25 ppm (0.74mM) respectively. The indicator
strips were rubbed over an area of approximately one square centimeter on the biofilmed coupons,
and the color of the strip was matched to the chart for the concentration. This amount was
compared with the abiotically added peroxide. An independent set of experiments was also
conducted to identify the presence of peroxide in biofilms. This experiment consisted of
formulating a solution of colorless ferrothiocyanate which would turn red in the presence of
peroxide. Concentrations of peroxide down to about 0.02 mM can be identified using this
technique, with the concentration being proportional to the intensity of the red color. A calibration
procedure using this indicator was also carried out in the laboratory to find out the approximate

concentration range of peroxide in the biofilms.




Another series of experiments was carried out to determine the effect of decreasing the
peroxide concentration on the OCP of biofilmed electrodes. In order to do this, beef liver catalase
(Sigma Chemical Co.) at a concentration of 0.5 mg ml"! was added to the seawater surrounding the
ennobled electrode. The catalase added should dismute any peroxide with which it comes into
contact. The hope was that through a combination of peroxide diffusion out of the biofilm into the
bulk solution and catalase diffusion into the biofilm, the peroxide concentration would be reduced
enough to affect its contribution to ennoblement. Similar concentrations of both active and
deactivated (control) catalase were added. The deactivated catalase control was achieved by
exposure to sunlight under aerated conditions (Mitchell and Anderson, 1965). Seawater with
catalase was exposed for two hours to artificial sunlight produced by Phillips cool-white florescent
lamps at an irradiance of 900 mEinsteins m” sec”. Enzyme activity (Worthington Manual, 1972)
was measured using a Bausch and Lomb spectrophotometer operating at 240 nm and connected to a
strip chart recorder. A calibrated level of absorbance was first established for 30% peroxide with
7.5 pH, 1M NaCl and 0.1M Na,HPO, buffer in quartz cuvettes. When active enzyme was added,

absorbance decreased with time, while additions of deactivated enzyme produced no change.

In order to determine the level of acidity that various organisms present in our natural
assemblage biofilms could produce, microbiological agar plating was carried out using Difco .
Marine Agar 2216 Medium containing recommended concentrations of various pH indicating dyes
(Sigma) (Costilow, 1981). For this experiment alone biofilms were formed on coupons of stainless
alloy UNS S44660 (nominal composition in percent by weight: Cr 27.36, Ni 2.02, Mo 3.53, C 0.25,
bal Fe). Once formed, biofilms were scraped from the metal coupons into 100 ml of sterile
seawater and gently agitated to disperse the organisms. Samples of this seawater were then
inoculated with liquid agar medium containing the appropriate pH indicating dyes in petri dishes
and allowed to solidify. Each pH indicating dye had a characteristic color change corresponding to
a range of approximately two pH units. For example, phenol red is yellow at pH below 6.8 and red
above pH 8.2. The color shift from yellow to red takes place progressively as one proceeds from
pH 6.8 to 8.2.Four petri dishes were used for each pH range. Deaeration for biofilm simulation
studies was carried out using nitrogen sparging, and the pH of the bulk seawater was adjusted when

necessary using either 0.IN HCI or 0.IN NaOH.




Results

Open circuit potential (OCP) values and H,0, concentrations were measured for biofilmed
platinum at the Delaware and Tuticorin locations in natural seawater. Platinum OCP values are
shown in Figure 1.1. For mature biofilms from Delaware Bay seawater, peroxide concentrations
covering the whole detectable range from 0.14 to 0.73 mM were measured using the enzyme strips.
During the initial stages of biofilm formation at Tuticorin, the highest concentration measured was
0.28 mM. Enzyme strips did not show any color for the natural seawater sample, probably because

the concentration of peroxide naturally occurring in seawater was below the detection limit.

- Peroxide presence was further confirmed by the ferrothiocyanate test. The reagent turned pale red

in the laboratory in the presence of 0.25 mM peroxide. In contrast, it usually turned bright red
when a few drops were placed on a mature, ennobling biofilm. This test verified that there was

often more than 0.25 mM peroxide in the films tested from Delaware Bay waters.

Typical voltammograms of a biofilmed electrode for various scan rates are shown in Figure
1.2. The voltammogram has one peak each in the forward and reverse scans. The range of
potentials scanned was selected to include that for ennoblement but exclude hydrogen evolution,
which takes place well below -400 mV SCE. The cyclic voltammetry convention was used in
determining that the peak in the forward scan was an oxidation and that in the reverse scan a
reduction. There was no direct information from the voltammogram regarding what these
oxidation and reduction reactions might be. However, since the experiment was conducted in well
aerated natural seawater it was expected that these redox reactions should be part of the oxygen
system. The voltammograms show that the reactions are irreversible, which is indicative of the
oxygen and peroxide electrode reaction. Figure 1.2 also shows the effect of scan rate on the
position of the peaks in the voltammogram. A faster scan rate shifts the oxidation peaks in the
positive direction. The shift indicated that the reactions were dependent upon the electron transfer
from the substratum. This shows that the substratum will play a role in determining the positidn of
the oxidation and reduction peaks of the voltammogram. Besides substratum properties, the
biofilm properties can also play a role in electron transfer. In all the voltammograms that follow, a

uniform scan rate of 50 mV/sec was adopted in order to be able to compare voltammograms.




The characteristic cyclic voltammogram shown in Figure 1.3 was produced with a scan rate
of 50 mV/sec over the potential range from -400 to + 600 mV SCE. Curves 1 and 2 in this Figure,
represent two successive runs on the same biofilmed platinum electrode, whereas curve 3 represents
the response of a bare electrode in natural seawater. In all runs with biofilmed platinum coupons
the oxidation peak at about 0.35 V SCE in the forward scan and the reduction peak at - 0.15 V SCE
in the reverse scan were observed to be reproducible. Curves 1 and 2; produced from the same
biofilmed electrode in quick succession show a difference in peak height. This indicated that the

chemical species producing the peak in the voltammogram was consumed during the measurement.

Abiotic cyclic voltammetry experiments conducted with a bare platinum electrode with and
without oxygen (less than 0.2 ppm (6mM)) are shown in Figure 1.4. The peak in the reverse scan
in curve 2 (air saturated) shows that it is oxygen reduction. Curve 1 (deaerated) shows no peak in
either forward or reverse scans. This experiment proved that the peak in the reverse scan was due

to oxygen reduction.

Abiotic experiments on freshly prepared bare platinum electrodes were carried out to
simulate the cyclic voltammogram of biofilmed platinum. Various combinations of oxygen, pH
and peroxide were used. Peroxide additions were made by adding appropriate volumes of 30%
peroxide solution to one liter of seawater, and the concentration was expressed in mM units using
the specific gravity of 30% peroxide as 1.1122 (Washburn, 1928). Typical electrode responses for
several experimental conditions are shown in Figure 1.5. Curve 1 represents the response of a
platinum electrode in natural seawater deaerated to less than 0.5 ppm (15 mM) of oxygen at pH
2.93 (adjusted by adding HCI). Curve 2 represents the response due to addition of 0.48 mM
hydrogen peroxide at pH 2.93, and curve 3 represents 1.44 mM hydrogen peroxide at the same pH.
Note in curve 3 that the oxidation peak at 0.35 V SCE is beginning to appear. However, the
voltammogram of the biofilmed platinum coupon from Figure 1.3 was not fully reproduced until
the seawater was deaerated to an oxygen concentration below 0.5 ppm (15 mM), with 2.4 - 2.9 mM
hydrogen peroxide added at pH 2.8 - 2.9 as shown in Figure 1.6. Therefore it is tentatively
concluded that the peak at 0.35 V is peroxide oxidation.




The measured peroxide concentrations in the biofilms using peroxidase enzyme strip were
less than, but still in the same low millimolar range as that which was added to produce the
voltammogram in Figure 1.6. Having identified presence of peroxide in a biofilm, the peak that
appears in the forward scan in Figure 1.6, at about 0.35 V SCE is interpreted as oxidation of

peroxide to oxygen and the peak that appears in the reverse scan close to -0.15V SCE as reduction

of oxygen.

Based on the above results, an independent set of experiments was carried out to understand
more about the synergistic contributions of peroxide and pH towards ennoblement of the OCP.
Based on the cyclic voltammetry experiments, an independent set of experiments was carried out to
determine the OCP of platinum in deaerated Delaware Bay seawater (0.55 + 0.05 ppm (17 £ 1 mM)
0,) at various combinations of pH and peroxide. Condition 1 represents the OCP of platinum at pH
8.3 (Figure 1.7). A decrease in pH to 5 (condition 2) produced a jump in OCP to over 300 mV
(Figure 1.7) as would be expected from the Nernst equation (Chandrasekaran and Dexter 1993a).
Addition of 2.4 mM peroxide at pH 5 gave no further increase in potential (condition 3) (Figure
1.7). A further decrease in pH to 2.9 without peroxide addition increased the potential to about 350
mV (condition 4, Figure 1.7), but it was not until a combination of pH 2.9 and 2.4 mM peroxide

was tried that the potential of over 400 mV observed on biofilmed platinum was obtained

(condition 5, Figure 1.7).

The deaerated simulation is relevant to the biofilmed case, where the aerobic bacteria would
reduce the oxygen concentration. Since peroxide in this system can be produced only through the
reduction of oxygen we assumed that production of peroxide took place in the oxic portions of the
biofilm. The peroxide thus produced in the oxic portions of the biofilm was transported to the
biofilm-substratum interface (Center for Biofilm Engineering NEWS letter, 1994) through the
channels present in a biofilm, or through the diffusion process. This creates a scenario in which the
biofilm-substratum interface is low in oxygen and some peroxide is also present. This chemical

combination will contribute to ennoblement very similar to the result of the above experiment

(Figure 1.7) under low oxygen and peroxide concentrations.

10




To determine the effect of large concentrations of peroxide in a biofilm, an abiotic
experiment was carried out. In this experiment, a large volume of peroxide was added to natural
seawater under aerated and deaerated conditions and the effect was studied on the OCP of a bare
platinum coupon. The OCP values of platinum shifted active in aerated condition, whereas it
shifted noble in the deaerated condition Figure 1.8. The conclusions that can be derived from this
experiment are that the peroxide in a biofilm can contribute to ennoblement only when the oxygen
concentration is low, and if for some reason peroxide is present together with higher oxygen in a

biofilm then the OCP will shift active.

The effect of combinations of peroxide and pH under oxygen super-saturation (more than
20 ppm (>0.6 mM)) on platinum is shown in Figure 1.9. A decrease in solution pH caused a noble
shift in OCP of platinum in oxygen saturated solutions similar to its effect already demonstrated for
deaerated solutions. The addition of peroxide in oxygen saturated solutions, however, caused an
active shift in OCP for platinum. The same type of results were also obtained by Hoare (1968).
The full amount of ennoblement observed on platinum under natural biofilms could only be

reproduced when the proper concentration of peroxide was added to deaerated, low pH solutions.

Cathodic polarization curves were measured for platinum coupons with and without
biofilms in natural Delaware Bay seawater (Figure 1.10). The biofilmed coupon showed two Tafel
regions separated by a depletion region as compared to the single Tafel region on the bare
electrode. These data strongly suggest that there are two reduction reactions taking place under the
biofilm. The chemical species responsible for the initial Tafel region becomes depleted as already
mentioned by Chandrasekaran and Dexter (1993a).

To identify the importance of peroxide in changing cathodic kinetics, cathodic polarization
of bare platinum electrodes with and without peroxide added to the bulk solution was carried out.
The first run was done in deaerated natural seawater, while the second run was carried out with
natural seawater deaerated using nitrogen (0.5 ppm (15mM) oxygen) and 2.4 mM of peroxide
added. Within experimental error, the slopes for oxygen (0.11 V/decade of current) and peroxide
(0.12 V/decade of current) were the same (Figure 1.11). The exchange current densities as

determined by using the back extrapolation method (Jones, 1992) were 7.9 X 10* A/m” for oxygen
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reduction and 3.8 X 102 A/m? for peroxide reduction. This showed that the exchange current
density for peroxide reduction was two orders of magnitude higher than that for oxygen. The OCP
in the two runs is roughly the same because of the effect of deaeration canceling the effect of

peroxide addition in run 2.

A typical catalase enzyme activity measurement using spectrophotometry is shown in
Figure 1.12. The decrease in absorbance over time after adding active catalase is directly related to
dismutation of H,O, by the active enzyme. In contrast, no decrease in absorbance is noted upon
addition of the inactivated enzyme. The decay in OCP values of ennobled platinum electrodes
exposed to active and inactive forms of catalase was also recorded. Due to dismutation of H,0, by
active catalase, OCP values were expected to drop more rapidly upon active catalase exposure than

inactive catalase exposure. However, the rates of decay in OCP values were comparable in both

exposures (Figure 1.13).

To understand more about this anomaly, solution chemistry and catalase activity were
measured peﬁodically. Hourly measurements of catalase activity showed that the enzyme remained
active for nearly 10 hours in seawater. This indicated that the decay in OCP for the first 10 hours
after addition of active enzyme could be taken as due to dismutation of H;0,. A closer look at the
inactive enzyme experiment revealed that the enzyme precipitated out of solution and formed a thin
continuous film on the surface of the solution. Active enzyme did the same thing after the first 10
hours. Further experiments were conducted using an ennobled biofilmed coupon exposed to active
catalase enzyme. Periodic measurements of OCP, bulk solution pH and dissolved oxygen were
recorded. At first the potential decreased with no change in dissolved oxygen (Figure 1.14). Asthe
10 hour limit approached, however, the dissolved oxygen fell rapidly. This corresponded to the
active-inactive transition of the enzyme and the formation of the surface film. Subsequent
immersion of catalase treated coupons in natural seawater brought the OCP back to their original

enmobled values, after a period of time. This was attributed to a recovery of normal biofilm

chemistry.

Figure 1.15 shows the shift in OCP of the oxygen electrode on platinum in air saturated
Delaware Bay seawater for the pH range of 2 to 10, along with the theoretical curve (59 mV per pH
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unit) calculated from the Nernst equation. As expected, the measured values are lower than those

predicted by thermodynamics. The slope of the measured curve was 36.6 + 0.74 mV per pH unit.

Results from the experiments in which scrapings from our natural assemblage biofilms
were mixed with agar incorporating pH indicating dyes are shown in Table 1.1. The color
developed by the colonies of microorganisms that grew up in the agar was taken to indicate the pH
of the metabolites produced. Note that about one third of the colonies that grew in the agar with
bromophenol blue were yellow in color, indicating that the pH was less than three. None of the
colonies that grew gave an indication of pH greater than 6.4, the pH above which chlorophenol red
turns red. These data do not prove it, but they are consistent with the idea that the pH within a
natural marine biofilm could be in the acid range.

Discussion

Figure 1.1 showed potential ennoblement of platinum coupons due to biofilm formation
over time. A steady ennobled potential was taken to indicate formation of a mature biofilm. Figure
1.1 showed the OCP values for platinum in Tuticorin waters to be considerably lower than those in
Delaware. The reasons aren't very clear. Since the duration of exposure was only 20 days at
Tuticorin the biofilms probably weren't mature enough to give a maximum concentration of H,O,,
and thereby a higher OCP value. The microbial population itself may be widely different between
these two locations contributing to this low amount of ennoblement. However, identification of
measurable quantities of H,0, at both locations is considered to be significant. It has already been
shown that the amount of ennoblement thermodynamically possible on a reversible oxygen
electrode in seawater due to a decrease in pH was less than that predicted for the 4 electron reaction
by the Nernst equation (Chandrasekaran and Dexter, 1993a). Since all the observed ennoblement
on stainless steel particularly in low salinity waters cannot be explained by pH alone (Dexter et al.,

1993), other contributory factors were also investigated.

In well acrated seawater, the predominant cathodic reaction on a passive metal surface is
oxygen reduction. It is important to understand the oxygen reduction process and the products

formed to account for ennoblement. The oxygen reduction as catalyzed by organometallics and
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enzymes is usually a single electron transfer rather than a four electron transfer process (Brock and

Madigan, 1988; Vasudevan et al., 1990). It was also reported that any aerobic organism would
produce a small concentration of peroxide (Fridovich, 1974; Brock and Madigan, 1988). Sun light
excites the organic molecules that are present in open ocean water, subsequently producing
superoxide free radical (Zepp et al., 1977, 1985; Haag and Hoigne, 1986). Superoxide free radical
is also known to be the precursor for peroxide production in many biotic systems (Cooper and Zika,
1983; Cooper et al., 1988; Zika et al., 1985; Zaifirou et al., 1984). Biofilms formed over metallic
substrata are complex media in which organometallic catalysis, enzymatic reduction of oxygen,
electrochemical oxygen reduction and some photochemical reactions (Cooper and Zika, 1983)
depending on the available light levels can all take place simultaneously giving rise to peroxide
production. With this basic understanding, experiments were conducted in this paper to identify

and measure the peroxide present in the biofilms.

As a first step in the measurement of peroxide in biofilms, experiments were conducted to
simulate the chemistry thought to exist under a biofilm. Simulation of biofilm-substratum
interfacial chemistry and reproduction of signature cyclic voltammograms of a biofilmed ennobled
platinum electrode lead to further work on identification and concentration measurement of
peroxide in marine biofilms (see Figures 1.2 to 1.6). Subsequent to simulation of voltammograms,
the presence of peroxide in biofilms was verified using the peroxidase enzyme strip; 0.14 to 0.73
mM range of peroxide was measured. Since enzyme tests are highly specific, the presence of

peroxide in the biofilm was indicated without ambiguity.

Peroxide was also measured in the range of 0.14 to 0.28 mM in the biofilms developed at
the Tuticorin site in India. This was an important result because peroxide was found in biofilms
formed at a different location. If bacterial metabolism is the primary producer of peroxide
(Ghiorse, 1988) in marine biofilms, then presence of peroxide can be expected to be widespread in
oxic biofilms. The concentrations reported for the Tuticorin site were not as high as that for
Delaware site. Probably, this was one of the main reason for lower levels of ennoblement for
samples reported for Tuticorin compared to the Delaware site. However, the bacterial population

differences between Delaware and Tuticorin can be another reason for this difference in the level of

ennoblement.
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Peroxide was further confirmed by the ferrothiocyanate test, which showed that there was
more than 0.25 mM peroxide within the biofilm on a platinum electrode ennobled to over 400 mV
SCE. The measured peroxide concentrations in the biofilms using peroxidase enzyme strip were
less than, but still in the same low millimolar range as that which was added to produce the
voltammogram in Figure 1.7. Having identified the presence of peroxide in a biofilm, the peak that

appears in the forward scan in Figure 1.2 (scan rate 50 mV/sec), at about 0.35 V SCE is interpreted

- as oxidation of peroxide and the peak that appears in the reverse scan close to -0.15 V SCE as

reduction of oxygen. The oxidation of peroxide (Pourbaix, 1974) is electrochemically driven due to

potential scanning in cyclic voltammetry according to:

H,0,+2H +2¢  — 2H,0 @)
H,0, — O,+2H"+2¢ ©)
2H,0, — 2H,0+0, (Overall reaction) 6)

The cyclic voltammograms from biofilmed samples in Figure 1.2 showed that both
oxidation and reduction reactions took place during the potential scan. Since oxygen is the primary
redox system involved in cathodic reaction in aerated natural waters, the peaks in the
voltammograms were probably associated with the various oxygen reaction products. Theoretical
concepts indicate that peroxide is the most likely reaction product (Van den Brink et al., 1980;
Hancock and Martell, 1989; Bettelheim et al., 1980; Tarasevich et al., 1977; Yeager, 1976; Therien
et al., 1991; Chan et al., 1985; Yeager, 1986) and the cyclic voltammetry experiments are consistent
with that idea. The presence of peroxide in biofilms formed over widely separated geographical
location is also significant. This is important to establish because the standard potential for the
peroxide reduction reaction is more noble than that for oxygen reduction (see equations 7 and 8
below) (Hoare, 1968; Lin et al., 1992). Therefore, it is expected that the presence of peroxide in a

biofilm could contribute thermodynamically to ennoblement. Under acidic conditions:

0,+4H' +4¢ > 2H,0 @ =1.229V SHE Q)
H,0, + 2H" + 2¢" — 2H,0 @=1.776 V SHE (8)
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Extensive calculations were made for the potential contribution by peroxide under the
cyclic voltammetry simulation conditions. The Nernst equation gives a thermodynamic potential
for reaction (7) as 0.794 V SCE for a pH of 2.9 and a dissolved oxygen concentration of 0.5 ppm
(15 mM). Under the same conditions with a peroxide concentration of 2.4 mM, the potential of
reaction (8) is 1.289 V SCE. Thus the presence of peroxide could contribute a thermodynamic
maximum of 0.495 V to the ennoblement of the OCP under simulated biofilm conditions. The
actual contribution would, of course, be less than the thermodynamic value, but this illustrates the
relative magnitude of the contribution possible for peroxide under open circuit conditions. Whether
or not the peroxide contribution could be significant under corroding conditions where a steady
current would be demanded of the cathode reaction would depend on the amount of peroxide that

could be produced within the biofilm and the kinetics of the reaction.

The cyclic voltammograms for bare platinum electrodes (Figures 1.3, 1.4, 1.5 and 1.6)
indicated the relative positions of peroxide and oxygen peaks. These voltammograms also showed
that the cyclic voltammogram from a biofilmed sample could be closely reproduced in these tests
only when the proper combinations of pH and peroxide were used. The reduction of oxygen and

the oxidation of peroxide observed in the voltammograms were used only as a diagnostic criteria

for the identification of oxygen and peroxide in biofilms.

The difference in shapes of voltammograms from samples with and without biofilms
(Figures 1.3 and 1.6 at 50 mV/sec) can be explained by the physical effects of the biofilm. The
availability of peroxide was high in the biofilm adjacent to the electrode surface, producing a
prominent peak corresponding to peroxide oxidation. However, the necessity of diffusing the
peroxide formed in the oxic layers of the biofilm to the metal substratum would cause a delay in
initiation of the peak. Reductions of about 50% in the diffusion coefficients of inorganic solutes
(Aller, 1983) within biofilms as compared to their values in pure water would add to the delay. In
contrast, diffusion of peroxide to the electrode from the bulk seawater would be faster, resulting in a
gradual increase in the current and a broader peak than that for the biofilmed coupon. Therefore the
difference in diffusion of peroxide through the film and across the double layer from the bulk liquid

could be used as an explanation for difference in the shape of the peroxide peak.
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Even though the bulk seawater was deaerated the oxygen peak appeared to be more
prominent in the voltammogram under simulated conditions (Figure 1.6) than for a biofilmed
coupon (Figures 1.2 and 1.3). This can be explained by the higher solubility of peroxide in water
than oxygen. Henry's law constants are 7.1 x 10* and 1.3 x 10° Moles/atmosphere pressure, for
hydrogen peroxide and molecular oxygen respectively (Seinfeld, 1986). This means even though
the addition of peroxide is small in volume, production of oxygen is higher compared to direct
dissolution of oxygen. The kinetics of oxygen dissolution from the atmosphere are slow compared
to direct supply of oxygen from peroxide dissociation into water and oxygen, which is explicit from
the seven order magnitude difference in the Henry's law constant. Oxygen is also consumed by the
biofilm due to bacterial respiratory processes. Thus the concentration of oxygen within the biofilm
on a platinum electrode will be lower than the oxygen concentration at the surface of a bare
platinum electrode with peroxide in the bulk solution. Hence the simulated voltammogram in

Figure 1.6 appears to have a more prominent oxygen peak than that in Figure 1.3.

Results from the abiotic simulation experiments shown in Figures 1.7 and 1.9 verify the
synergistic effects of pH and H,0, in creating the ennoblement phenomenon. The level of
ennoblement and the positions of the predominant cyclic voltammetry peaks found in the presence
of natural biofilms were reproduced only when the proper combination of pH, H,0, and low
oxygen were established in bulk seawater. Under natural biofilm conditions, however, only the
chemistry immediately adjacent to the metal surface needs to be at the specified combination of pH,

H,0, and oxygen.

Addition of peroxide to aerated and deaerated seawaters produced opposite shifts in
potential of the oxygen electrode on platinum (Figure 1.8). This was also observed and explained
by Hoare (1968). These data show that in presence of peroxide, ennoblement is possible only when
the concentration of oxygen is low in a biofilm. Hoare explained the difference in the potentials of
oxygen electrode on platinurri to be dependent on the oxygen concentration in the presence of
peroxide. The results of experiments conducted using various combinations of pH, peroxide and
oxygen as shown in Figures 1.7 and 1.9 illustrate the importance of these three parameters for
ennoblement. Only under a low oxygen concentration could pH and peroxide combine to produce

ennoblements over 400 mV SCE. These data indicate that in general oxygen concentrations must
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be low in the biofilm. Oxygen concentration in a biofilm is also expected to be low due to bacterial
utilization of oxygen for their metabolism (Lewandowski et al, 1988). Bacterial utilization of
oxygen would produce some concentration of peroxide. Therefore the fall in oxygen concentration

could be taken as a first approximation of the rate at which peroxide is produced in a biofilm.

There is an upper limit to the peroxide concentration in a biofilm because enzymes are there
to breakdown peroxide; otherwise it would be lethal for the organisms in the film. Christensen et
al., (1990) while studying the effect of peroxide in biofilm removal observed that even freshly
harvested cells (pure culture in a medium) were inhibited by about 5 mM concentration of peroxide,
but biofilm removal did not occur even at 15 mM concentration of peroxide. Biofilms of either
Pseudomonas sp. NCMB 2021 or Pseudomonas atlantica ATCC 19262 both displayed a
progressive reduction in sensitivity to hydrogen peroxide upon repeated exposure to this reagent,
which was attributed to the biofilm maturation effect, making them able to resist higher peroxide
concentration (1990). The concentrations reported in this paper are an order of magnitude less than

what was reported for biofilm removal by Christensen et al., (1990).

Cathodic polarization curves for biofilmed platinum had two Tafel slopes implying two
electrode reactions instead of the one observed for bare platinum (Figure 1.10). Similar
observations were made by Matoda et al.(1990) and Buchanan and Stansbury (1990) using
biofilmed stainless steel. Motoda et al.(1990) observed a higher number of diatoms in the
biofilms. Diatoms are known to produce peroxide (Palenik et al., 1987; Van Baalen, 1965; Stevens
et al., 1973), however Motoda et al., did not measure peroxide in their biofilms. Matoda et al.,
(1990) did not explain the reason for two Tafel slopes, whereas Buchanan and Stansbury (1990)
used depletion of protons as the reason for the appearance of two Tafel slopes. Having identified
and measured peroxide in a biofilm, and knowing that both oxygen and peroxide reduction deplete
protons, it is hypothesized that the first Tafel slope is due to reduction of peroxide and the second
slope is due to reduction of oxygen. Since the concentration of peroxide is limited in the biofilm,

depletion of peroxide leads to the fall in the curve which then coincides with oxygen reduction on

the bare platinum.
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The data presented in Figure 1.11 showed that peroxide shifted the cathodic polarization
curve for platinum towards a higher current density range. This confirmed the increase in cathodic
kinetics as a result of the presence of peroxide in biofilms. The Tafel slopes were 0.12 V/decade of
current density. This value is almost same for both peroxide and oxygen in natural seawater.
However, there was a two order of magnitude increase in both the exchange current density and
limiting current density for peroxide over that for oxygen. This showed that the presence of

peroxide in a biofilm would contribute to ennoblement.

The rate of OCP decay for ennobled electrodes were almost same (Figure 1.13) in presence
of active and inactive catalase enzyme additions. Figure 1.14 showed a rapid decrease in dissolved
oxygen of the solution roughly coinciding with the active-inactive transition of the enzyme and
formation of the surface film. It is thought that elimination of oxygen from the solution was
brought about by a combination of blocking dissolution of oxygen from the atmosphere by the
inactive enzyme film and scavenging of oxygen from solution by the biofilm. The loss of dissolved
oxygen as well as peroxide contributed to the rapid decay of OCP values. This leads to the
important conclusion that at least some dissolved oxygen in the bulk seawater is necessary for
ennoblement. Once oxygen is eliminated from the system, peroxide production should also cease,

and the synergistic effects of peroxide and pH will be lost.

Our chemical simulation experiments indicated that production of peroxide and lowering of
pH can be primary contributors to ennoblement. The decrease in pH under microcolonies of
organisms from our biofilms grown on marine agar indicate the possibility of low pH in the
biofilm. this is supported by the results from our cyclic voltammetry simulation studies. This is
consistent with the idea that the pH under a mature biofilm can be acidic, and that it can contribute

to ennoblement in cooperation with the peroxide that is produced in the biofilm.
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Summary And Conclusions

The phenomenon of ennoblement of passive alloys in the presence of marine biofilms has
been studied using the oxygen electrode on platinum as a model system. Lowering in pH and
production of hydrogen peroxide within biofilms have been shown to be primary contributors to
ennoblement. Contribution of peroxide to ennoblement arises from its relatively noble
thermodynamic potential at low pH. It is speculated that a secondary contribution could arise
through the peroxide either directly or indirectly as a contributor to oxidation of reduced

metabolites in a biofilm (such as sulfides to elemental sulfur or sulfuric acid) thereby lowering the

pH. Specific conclusions from this work are:
1. H,0, was found in measurable quantity in the biofilms at both test locations.
2. Under our test conditions the observed amount of ennoblement required a combination of low

oxygen and acidic pH with low millimolar concentrations of peroxide.

3. The presence of dissolved oxygen in the bulk solution is required for ennoblement.
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Table 1.1 Observed pH of metabolites of colonies grown on marine agar from
microorganisms scraped from biofilms.

=

pH indicating dye in the | Total number of Number of % showing
agar colonies colonies in acid pH.
each pH
range.
|
M'
Phenol red 37 26 Yellow 70.27
below 6.8 yellow Zero red
above 8.2 red Remainder
white
Chlorophenol red 14 5 Yellow 35.71
below 4.8 yellow Remainder
above 6.4 red white
Bromocresol green 32 12 Yellow 375
below 3.8 yellow Remainder
above 5.4 blue bluish white
Bromophenol blue 28 10 Yellow 35.71
below 3.0 yellow Remainder
above 4.6 blue bluish white
None 31 6 Yellow Not applicable.
Remainder
white




450 T T ] I | T
400 -
O 350 )
(7))
>
E
g 300 _
-
i
- .' .
8 250 O Pt Delaware
0O Pt Tuticorin
200 _
150 | ] l I I 1
0 10 20 30 40 50 60 70

EXPOSURE TIME (DAYS)
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peroxide; 3) Same as condition 1 with 1.44 mM peroxide.
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atpH 2.8 10 2.9.
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Chapter 2

Thermodynamic and Kinetic Factors Influenced by Biofilm Chemistry
Prior to Passivity Breakdown

Abstract

Contributions to ennoblement by various factors were studied on platinum and S44660
stainless alloy. Thermodynamics was found to be the major contributor for platinum, whereas
cathodic kinetics also contributed to ennoblement on S44660 stainless alloy. Cyclic voltammetry
indicated the controlling oxidation-reduction couple for ennoblement involved oxygen in some
form (oxygen and peroxide). Passive current density was found to vary little between bare and
biofilmed coupons for both S44660 stainless alloy and platinum. This implied that the contribution
to ennoblement by passive current density shift is insignificant on platinum and S44660 stainless

alloy as used in this study.

Keywords: Ennoblement, thermodynamics, kinetics, exchange-current, Tafel-slope, passive-

current, seawater, biofilms, alloy S44660, platinum.

Introduction

Seawater biofilms ennoble the open circuit potentials (OCP) of passive metals and alloys'.
Biofilms also change the shape of the passive metal cathodic polarization curve as has already been
reported by various investigators'. Such a change in the cathodic polarization curve is thought to
be due to changes in thermodynamics or kinetics of the cathodic reduction reaction as influenced by
changes in biofilm chemistry. It has been widely accepted that ennoblement could result from
changes in reversible potential, exchange current density or Tafel slope of the cathodic reaction or

passive current density of the metal or a combination of all these’.
Chandrasekaran and Dexter” have identified and measured peroxide in biofilms formed

over platinum coupons. Peroxide has also been reported’ to be present in biofilms grown at

Tuticorin, India. The thermodynamic contributions of peroxide and pH towards ennoblement have
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already been discussed'. On the basis of the data collected at the Delaware site, the chemistry at the
biofilm-substratum thought to be responsible for ennoblement includes a combination of peroxide
with low oxygen and low pH. This chemistry can develop by a combination of biotic and abiotic
reactions that take place in a biofilm. Biofilms have the capability to alter the interfacial chemistry
through biotic or abiotic mechanisms or both. Each of these in turn, changes the thermodynamics
and kinetics of the cathodic reaction, thus, contributing to ennoblement. The significance of these
changes lies in the fact that a noble shift in OCP leads to an increased probability of localized
corrosion initiation®. Experimental investigations were carried out in this work to identify the

relative contributions of thermodynamic and kinetic factors that contribute to ennoblement.

Experimental Procedure

Biofilms were developed on platinum and stainless alloy UNS: S44660 (nominal
composition: Cr 27.36%, Ni 2.02%, Mo 3.53%, C 0.25%, balance Fe) using once-through flowing
seawater at the College of Marine Studies, University of Delaware research facilities on the
Delaware Bay at Lewes. The coupons were polished through 600 grit metallurgical paper to
produce a uniform surface finish. Seawater characteristics during the exposure were: temperature
20 to 27°C, pH 7.7 to 8.1, salinity 22 to 32 parts per thousand and oxygen (air saturated) at 5 to 8
ppm. The thickness of the biofilm varied with substratum and time of exposure. The thickness of
biofilm on platinum was in the range of 30 to 70 mm (40 to 140 mm on S44660) with
macroscopically complete coverage on both. These films are usually too thick to count all the

microorganisms using epifluorescence or scanning electron microscopy.

Electrochemical experiments were conducted using a computer controlled potentiostat with
standard accessories and cell set up. This equipment was used for cathodic polarizations of various
coupons with and without biofilms. Platinum was used for counter electrodes and a saturated
calomel electrode (SCE) for the reference. A high impedance digital voltmeter was used to monitor
the OCP. Cyclic voltammetry (CV) was carried out on biofilmed platinum and stainless alloy
coupons using a computer controlled potentiostat. The results were directly imported into a

graphics software package for data manipulation. AC impedance was carried out, using a computer
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controlled potentiostat with a two phase lock-in analyzer. Both single- and multi-sine techniques

were adopted.

A standard graphical technique’, involving back extrapolation, was adopted for determining
exchange current density from the cathodic polarization curves of platinum and S44660 stainless
alloy samples. A change in the Tafel slope was also determined using the cathodic polarization
curves of bare and biofilmed samples. S44660 stainless alloy anodic polarization curves were used

for passive current density determination.
Results

Open circuit potentials (OCP) recorded over time for S44660 stainless alloy and platinum in
lower Delaware Bay seawater are plotted in Figure 2.1. Each data point represents an average of at
least 10 coupons. Cyclic voltammograms carried out at a scan rate of 50 mV/sec on platinum and
S44660 stainless coupons are shown in Figures 2.2 and 2.3 respectively. The peroxide oxidation
peak appeared in Figure 2.2 at 0.18 V SCE, whereas the oxygen reduction peak was close to 02V
SCE. The same peaks appeared in Figure 2.3 at 1 V SCE and -0.8 V SCE. The potential range of
scan for S44660 stainless was different than for platinum. Reasons for the larger range in potential
between these peaks on stainless as compared to platinum are discussed in the next section. For the
S44660 stainless voltammogram, the peroxide peak was also sharper than the equivalent peak on

platinum, and the peak was more prominent for the coupons with lesser degrees of ennoblement

(Figure 3.3).

Cathodic polarization curves for both platinum and S44660 stainless alloy samples are
shown in Figures 2.4 and 2.5 respectively. The curves were shifted progressively toward more
noble potentials and higher current densities as the biofilm matured. The cathodic reaction on any
passive alloy exposed to seawater involves oxygen reduction. Exchange current densities for the
oxygen reaction were determined from these curves by back extrapolating the Tafel line to the
steady state corrosion potential. The results as presented in Table 2.1 indicate that the exchange

current density values increased with biofilm formation and maturation. All the biofilmed coupons
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in Figure 2.5 had the same duration of exposure, and the differences in ennoblement are presumed

to be due to variations in the rate of biofilm development from sample to sample.

Anodic polarization'® curves for S44660 stainless alloy (Figure 2.6) were measured using a
scan rate of 0.6 V/hr to determine the passive current density, i,. Thus, the curves were terminated
at 850 mV before reaching the pitting potential. The passive current densities for both bare and
biofilmed samples fell within the same scatter band from 1 to 3.9 X 10% A/m’. These data indicate
that changes in passive current density with biofilm development do not contribute significantly to

ennoblement. Similar data were also observed for platinum (Data not shown).

The electrochemical impedance spectra of biofilmed and bare platinum are shown in the
form of a Bode plot in Figure 2.7. It can be seen from this figure that biofilms decreased the phase
angle and polarization resistance and increased the double layer capacitance of the samples. For a
two month old biofilm the phase angle, polarization resistance and capacitance were almost
unchanged from that of the bare electrode. The five month old biofilm had the lowest phase angle
and polarization resistance and the highest capacitance, with the two year biofilms being

intermediate in all three values.

Discussion

Figure 2.1 showed the ennoblement of S44660 stainless alloy and platinum. The onset of
ennoblement on platinum was delayed due to macrofouling right from the start of exposure by
amphipods, which built a clay nest on each coupon. However, due to seasonal changes the

amphipods disappeared from the water and also from the coupons.

Normally the cathodic reaction on passive metals exposed to aerated seawater is reduction
of oxygen to OH, particularly at potentials too noble for hydrogen evolution. Under these
conditions it is well known that a reduction in pH of the solution causes a noble shift in OCP.
Theoretically, that shift is 60 mV per unit drop in pH. The actual shift is less than that due to the

irreversible nature of oxygen electrode'’. In addition, Chandrasekaran and Dexter have recently
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measured hydrogen peroxide in marine biofilms'. Since the thermodynamic potential for the

peroxide reduction reaction is about 500 mV more noble than that for oxygen, peroxide can also
contribute to ennoblement"'. The recent measurement of peroxide in biofilms at a different
experimental site in India’ supports the idea that peroxide is an important contributor to

ennoblement.

Figures 2.2 and 2.3 showed the oxygen and peroxide peaks from cyclic voltammograms of
both bare and biofilmed coupons of platinum and S44660. A larger voltage range was needed to
reproduce these peaks on the stainless alloy than on platinum (see Figure 2.3). The reason for this
is thought to be related to a slower charge transfer across the stainless interface as compared to
platinum. At these fast scan rates, the slower charge transfer would shift the peak to a higher value
of potential. The peroxide peak on stainless alloy S44660 was also sharper than its equivalent on
platinum, and the down slope side of the peak seems to be cut off. We think this is an artifact
caused by oxygen evolution starting at about the peroxide peak potential during the scan on
S44660. Since both oxygen and peroxide peaks were found on S44660 as well as platinum, this
confirms the importance of the oxygen reduction system (of which peroxide is also a component) in

the ennoblement process on both metals.

Tt was seen from the data in Table 2.1 that the Tafel slope, exchange current density and
passive current density all changed as the biofilm matured. The changes in passive current density
were neither large nor systematic, and it is felt that they probably had little effect on ennoblement.
The shifts in exchange current density, however, were significant. The term, exchange current
density, as applied to these biofilmed electrodes refers to an overall apparent value representative of
the sum of the individual exchange currents for the redox reactions taking place on the surface. In
the case of bare platinum, the exchange current density would correspond to the reduction of
dissolved oxygen to OH". The hydrogen reduction reaction is not thermodynamically possible at
these ennobled potentials. In the presence of the biofilm, particularly at low pH, several reduction
reactions are possible. We envision the reaction shifting from predominantly oxygen, to a
combination of oxygen and peroxide, to predominantly peroxide as the biofilm develops. In a

mature biofilm other redox systems may also be possible. In thick biofilms, oxygen ingression by
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diffusion is known to be limited to the outermost 20 um of the film due to oxygen utilization by the
organism's metabolism'. This limitation on availability of oxygen would favor a predominance of
the peroxide reduction alone at the metal surface under biofilms thicker than 20 pm. Even in this

case, however, reduction of peroxide would produce some oxygen at the metal surface.

It is important to note that the exchange current density is a strong function of the electrode
composition and surface roughness, the presence of trace impurities, the ratio of oxidized and
reduced species present and the temperature '>'°. Yeager" observed that the exchange current
density for the oxygen electrode is very low, typically 10° to 107 A/m’ on an effective catalytic
surface such as platinum at room temperature. Hoare'® gave a value of 10 to 10° A/m? for the
reduction of oxygen on platinum in acid solutions. Yeager" observed high exchange current
densities for the oxygen-peroxide couple. For example, an exchange current density on the order of

1 A/m? for oxygen at 1 atmospheric and a peroxide concentration of 10* M in 4M KOH at 60°C

was observed”.

For a bare platinum electrode in well aerated seawater the exchange current density in this
work was about 2.5 X 10* A/m’. In the presence of a mature biofilm the exchange current density
increased to 4.5 X 10® A/m®. This shift in the exchange current value could be due to the presence
of peroxide in the biofilm. A larger shift in exchange current density was observed for S44660
stainless alloy than for platinum. The exchange current density shifted from 1 X 10° A/m? for a
bare electrode to 5 X 10° A/m’ for a mature biofilmed electrode. This leads to an important
conclusion about the difference between the way biofilms contribute to ennoblement on different
substrata. Due to the already high exchange current density for oxygen on platinum, the increase in
exchange current density in the presence of biofilms was larger on S44660 alloy than on platinum.
Thus, a balance of thermodynamic (change in oxygen potential) and kinetic (increase in exchange
current density) factors produces the observed ennoblement on stainless alloy S44660, while the
thermodynamic factor is more dominant on platinum. Another kinetic factor, the cathodic Tafel
slope also increased on both metals (See Table 2.1). An increase in the cathodic Tafel slope may
signify the reduction of peroxide in a biofilm. Higher cathodic Tafel slope has also been observed

for peroxide reduction than oxygen reduction on platinum in acid solutions™.

46



From this work and all our previous work""", we feel thatlow pH and peroxide together
with low oxygen concentration bring about a change in thermodynamics and kinetics of the
cathodic reaction on biofilmed electrodes. From the electrochemical impedance spectra for the bare
and biofilmed platinum samples it can be inferred that the biofilms lower the polarization resistance
of the samples. This may be accomplished by rapid electron transfer by the macromolecules
known to be present in biofilms**. The five month old biofilm had a lower polarization resistance
and higher double layer capacitance than the other biofilms. This might be due to differences in the

rate of development, distribution, and composition of the biofilm.

Summary

Biofilms bring about ennoblement by changing the thermodynamics and kinetics of the
cathodic reaction. Depending upon the nature of the substratum the relative contributions of
thermodynamics and kinetics may vary. For S44660 stainless alloy ennoblement is brought about
by balanced contributions from both kinetics and thermodynamics, whereas thermodynamic effects
dominate on platinum. The predominant mechanism of cathodic depolarization due to biofilm
formation involves various species of the oxygen reduction system (e.g. peroxide). Biofilms appear
to lower the polarization resistance and enhance rapid electron transfer between the substratum and

the electrolyte.
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Table 2.1 Electrochemical parameters measured from cathodic and anodic polarization curves
for alloy 44660 and platinum.

Parameter Bare coupon | Biofilmed Coupon
Exchange current density for S44660 1X10° 5X10°

(A/m’)

Exchange current density for platinum | 2.5X 10* 45X10°

(A/m’)

Cathodic Tafel slope for S44660 0.12 0.40

(V/decade of current density)

Cathodic Tafel slope for platinum 0.09 0.24

(V/decade of current density)

Passive current density for S44660 1Xx10? 1X10%t03.9 X107
(A/m?)

Passive current density for platinum 1.6 X 107 6.3 X 10° to 3.2 X 107
(A/m’)
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Figure 2.1 Open circuit potential ennoblement data for platinum and stainless
alloy S44660 in Lower Delaware Bay seawater.
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Figure 2.2 Cyclic voltammograms of platinum coupons in natural seawater.
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Chapter 3
Biofilm Consortia and the Role of Iron and Manganese in OCP Ennoblement

Abstract

The natural assemblage biofilms developed on platinum are complex in their structure and
diverse in bacterial community. Utilization of various electron acceptors such as oxygen, iron,
manganese etc., are thought to be important for ennoblement to take place on platinum. This paper
addresses as to the existence of anaerobic group of bacteria such as iron and manganese utilizers
and the evidence is brought out in terms of these elements mineralized in natural biofilms. Surface
analytical and micro-electrode techniques have been used to identify and characterize the elements
present. Inductively coupled atomic emission spectroscopy was used to measure the concentration
of these elements. The importance of the presence of heavy metals and their role in promoting

ennoblement and thereby causing accelerated corrosion are also discussed.

Introduction

Development of biofilms on any solid substratum exposed to seawater is a matter of time.
The environmental conditions dictate the bacterial diversity and the population dynamics.
However, once the biofilms develop and mature there are regions within the biofilm where

microniches develop, and widely different groups of bacteria can coexist.

Biofilms developed over passive metals are known to ennoble the open circuit potential
(Mollica and Trevis, 1976; Mollica et al. 1987; Johnson and Bardal, 1985; Johnson and Bardal,
1986; Dexter 1993; Chandrasekaran 1995). Establishment of ennoblement and the absolute value
of the ennoblement in seawater are dependent upon various factors such as the bacterial diversity
(Maruthamuthu et al; 1993), biofilm thickness (Zhang, 1993), environmental factors like sun light
and temperature (Dexter and Zhang., 1991; Maruthamuthu et al., 1992, Maruthamuthu et al., 1995;
Eashwar et al., 1995), the nutrient condition of the supporting water etc., The factors mentioned
above will also dictate the chemistry of the biofilm and its capacity to bring about the ennoblement.
It has already been shown by various authors that the metabolism of bacteria, and not their mere

presence alone is the reason for ennoblement (Scotto, 1985; Mollica and Trevis., 1976).
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Biofilms developed at the Lower Delaware Bay test facilities are known to contain gram
positive, gram negative and eucaryotic groups of microorganisms based on the PLFA analysis
conducted at the University of Tennessee by Dr. Peter Angell and his coworkers (Chandrasekaran,
1995). Experiments conducted at our laboratory have also shown the presence and the importance
of aerobic and anaerobic groups of microorganisms (Chandrasekaran and Dexter, 1994). Extensive
work was also carried out to identify the importance of each group of bacteria to the ennoblement

mechanism (Chandrasekaran, 1995).

The presence of peroxide (Chandrasekaran and Dexter, 1993a), heavy metals
(Chandrasekaran and Dexter 1994; Chandrasekaran, 1995), and low oxygen in biofilms has been
verified (Lewandowski et al., 1988; Chandrasekaran, 1995). This paper addresses a part of the
biofilm chemistry created due to bacterial metabolism and the methods devised to qualitatively and
quantitatively measure it. Biofilms developed on platinum at our site have shown a combination of
red, brown and yellow colors. The change in color of these biofilms was thought to be due to
accumulation of the heavy metals, iron and manganese, and mineralization of these heavy metals
either as an oxide or as a sulfide (Chandrasekaran and Dexter 1994). However, the dimension of the
biofilm and the delicate nature of the interfacial chemistry makes it challenging to study the
contributory factors for the chemistry.

Experimental Procedure

The Lower Delaware Bay seawater used for our experiments supports a wide variety of
microorganisms and chemical processes. On the in-coming tide it is essentially coastal Atlantic
seawater of salinity 28 to 30 parts per thousand. On the out-going tide it is the effluent from the
local tidal wetlands or salt marshes. Salt marshes are known for their ability to support a variety of
chemical and biological reactions involved in heavy metal and sulfur cycling, and it is probable that
the microorganisms involved in these reactions are abundant in both the water and biofilms used in

our experiments. The water itself is also high in both dissolved organics and suspended

particulates.
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Platinum was used in developing natural biofilm consortia. The surfaces of the coupons
were polished through 600 grit silicon carbide metallurgical paper for a reproducible surface finish.
Biofilmed coupons were used for further investigations. A high impedance digital volt meter was

used to record the open circuit potential of the platinum coupons exposed to natural seawater.

The color of biofilms formed on platinum at our location changed from clear to brown, red
and yellow in appearance over several months. The color of the biofilm on platinum provided clues
for identifying the elements present in the film and also the bacterial metabolism that is responsible
for it. A Philips model 501 Scanning electron microscope (SEM) with Energy dispersive X ray
analyzer (EDAX) model 9100 was used for elemental analysis of biofilmed coupons ranging in age
from one week to two years. Biofilmed platinum coupons from natural seawater exposure were
dehydrated in a vacuum chamber for about 30 minutes without any other pretreatment or coating.
The imaging capability of SEM was used to choose the location on the surface, and EDAX was
used to identify the elements present in the biofilm at that location. Types of locations chosen
varied from a general section of the biofilmed surface with as few particles as possible to the
particles themselves. The particles fell into two general categories. First were suspended
particulates from the water that had become trapped in the biofilm matrix. These were easy to
distinguish because of their relatively large size and their tendency to charge up under the electron
beam. For the most part, these particles were avoided. The second type of particles were smaller

and more crystalline in appearance.

Environmental scanning electron microscopy with additional energy dispersive X-ray
analyses were carried out by Dr. Brenda Little, Dr. Patricia Wagner and Dr. Richard Ray of Naval
Research Laboratory, Stennis Space Center, MS on a platinum biofilmed coupon sent from our site
(Chandrasekaran, 1995). The platinum coupon was exposed for 15 months in natural seawater for
biofilm formation. The coupon also had the characteristic colors, indicating presence of heavy
metals. The purpose of this analysis was to determine the relation between the groups of bacteria
and the heavy metals known to be present in these biofilms. There was a small problem in shipping
the biofilm to the laboratory and hence the relationship between the bacteria present in the biofilm
and the heavy metals could not be carried out. However, the EDAX results can be used as an

independent measurement of heavy metals presence in these biofilms.
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In order to get data on the heavy metal concentrations in biofilms developed over platinum,
we have used Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). The ICP
analyses were carried out as described below using a Jobin-Yvon 70 Plus instrument operating at
1.2 KW. The emission peaks of iron and manganese were calibrated at 238.204 and 257.610 nm

wavelengths. This technique measures total metals regardless of oxidation state or binding.

The following trace metal handling procedures (Bruland and Franks, 1979) were used to
acid clean polyethylene centrifuge tubes in order to make that they introduced no heavy metal
contamination. Tubes were washed in tap water with phosphate free detergent and rinsed in
deionized water and acetone. They were then rinsed in deionized water before soaking for three
days in SN HNO,, rinsed once again in deionized water and soaked in 3 N HCI for another three
days. Next they were rinsed in deionized water and transferred to 0.1N ultrapure HCI for three
more days. Finally, they were rinsed in deionized water and dried in a laminar-flow clean air
bench. Biofilmed and ennobled platinum coupons exposed for various time periods in natural
seawater were placed directly in these centrifuge tubes, and 5 ml of ultrapure concentrated nitric
acid were added to digest the film along with any heavy metals therein. For comparison, the blank
consisted of a bare platinum electrode rinsed with deionized water and immersed in 5 ml of the

same ultrapure nitric acid in one of the precleaned polyethylene centrifuge tubes.

The ICP instrument was calibrated for iron and manganese using several standards. This
procedure was necessary due to the low concentration levels expected to be measured in the
biofilms. This procedure also ensured the reliability of the measured concentrations of iron and
manganese. The instrument normally uses less than 1 ml of the sample and takes three
measurements. It then gives the mean and standard deviation for each run. The heavy metal
concentrations measured directly by the ICP were then converted to molar concentrations in the
biofilm by correcting for the difference in volume between the biofilm and the solution in the
centrifuge tube. The thickness of the biofilm was measured using a stereo microscope sequentially
focusing on the top and bottom of the film and recording the travel of the microscope head. The

final thickness for each film was taken as the average of six readings at randomly selected areas.
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It was assumed that all the heavy metals from the biofilm were released into the 5 ml
ultrapure nitric acid, and that the concentration measured in this volume of acid must have come
from the biofilm alone. A mathematical procedure, using the measured values of concentration of
heavy metals, volume of biofilm and the 5 ml of ultrapure nitric acid, was adopted for converting
the ICP concentrations to concentrations in the biofilm. The measurements were used first to
identify the time at which heavy metals began to deposit, and second to observe changes in
concentration with increasing exposure time. The time of initial deposition would show
approximately when the biofilm starts using iron and manganese as electron acceptors. The

increase in concentration of these metals over time would show rates of accumulation.

RESULTS

Figure 3.1 shows the effect of super-saturating the bulk seawater with oxygen surrounding a
biofilmed and ennobled electrode. Control experiments were carried out using a biofilmed
electrode exposed to natural seawater with the dissolved oxygen at air saturation. Exposure of the
ennobled electrode to a higher oxygen concentration than atmospheric in the bulk seawater shifted
the OCP values to more active potentials, whereas the OCP of controls remained relatively
constant. Figure 3.2 shows the effect of deaerating the bulk seawater surrounding the biofilmed and
ennobled electrode. Here too the control remained unaffected, whereas the OCP of the
experimental samples dropped to negative values over a period of time. This signifies the

importance of bulk oxygen concentration as an important factor for ennoblement.

Typical EDAX data are shown in Figures 3.3 to 3.7 for elements present in young (one
week) and mature (up to 24 months) biofilms developed on platinum coupons immersed in natural
seawater. These EDAX spectra were taken from an area of the general biofilm matrix having as
few large deposits and particles as possible. Thus, they represent the elemental composition of the
biofilm matrix. It is apparent from these spectra that iron and manganese are important at an early
stage of biofilm development. All other elements shown were present either in the seawater or in
the substratum. Accumulation of iron and manganese in the biofilm also coincided with changes in

color of the filmed coupon from silvery to a combination of red, brown and yellow.
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In an effort to identify the stoichiometry of individual deposits, SEM was used to select a
biofilm location rich in particles and to focus on an individual solid particle for EDAX analysis.
Figure 3.8 shows the EDAX from one such solid particle of dimension close to 9 um irradiated by
an electron beam of 0.25 um diameter. EDAX showed a higher concentration of iron than is
usually observed in the general biofilm matrix (Figures 3.3 to 3.7) along with high concentrations
of silica and calcium. A larger particle (20 by 47 pum) had high concentrations of iron and silicon
(Figure 3.9). Even though a clear picture of stoichiometry of the deposits is not available, the data
show that heavy metal accumulation takes place in a biofilm. Figures 3.10 and 3.11 show the
EDAX data collected together with the ESEM work. This data serve as an independent

confirmation to the presence of iron and manganese in marine biofilms developed at our site.

Inductively coupled plasma atomic emission spectroscopy was used to quantify the iron and
manganese that were accumulated in marine biofilms on platinum. In spite of the careful handling
procedures, the blank showed small heavy metal concentrations (1.16 mM iron and 0.02 mM
manganese), which were subtracted from the experimental values. The concentrations of iron and
manganese on a bare coupon and in biofilms formed for 2 to 24 months did not follow any trend
with respect to thickness, age of the biofilm, or the OCP of platinum coupon (Table 1). However, it
is important to note that iron and manganese accumulation began within the first two months of
exposure to natural seawater. The reasons for the accumulation of iron and manganese and their

effect on biofilm chemistry are important for understanding the ennoblement mechanism.

DISCUSSION

A mature biofilm is expected to have aerobes, microaerobes and anaerobes working
together in creating a favorable chemistry at the biofilm-substratum interface for ennoblement. In
such a biofilm it is reasonable to expect that a higher concentration of oxygen in the bulk water
would create a correspondingly higher concentration of oxygen within the biofilm. This would
inactivate the obligate anaerobic group of microorganisms resident in the film, or at least shrink the
thickness of the anaerobic zone. Higher oxygen concentration should also increase peroxide in the

aerobic portions of the biofilm, possibly deactivating the aerobic group due to the toxicity of the
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peroxide. In both cases above the OCP should shift to Iess noble values, and this is exactly what is
observed in Figure 3.1. In a similar way, sparging the bulk water with helium to a dissolved
oxygen concentration less that 0.1 ppm also caused the OCP values to become less noble, as was
shown in Figure 3.2. Under these conditions only the anaerobic bacteria in the biofilm would have
been active. These results reinforce the idea that a consortia of different types of microorganisms is

needed for ennoblement, rather than any single group of microorganisms.

[ron and manganese were measured in the mM range in marine biofilms (Table 1), whereas
they are present in nM concentrations in open ocean waters (Wu and Luther, 1994). Bacterial
metabolism is the only means that can explain the six orders of magnitude difference in
concentrations of iron and manganese between biofilm and seawater. Based on all the above data,
it can be said that in a natural assemblage biofilm over a period of time many electron acceptors are

present and all of them may contribute to for ennoblement.

The presence of heavy metals in a natural assemblage biofilm on a platinum coupon might
be the reason for the characteristic colors that are developed. If the oxidation states of iron and
manganese present in the biofilm are known then pH in a biofilm can be estimated indirectly using
potential-pH diagrams (Pourbaix, 1974). Iron and manganese are known to exist in a number of
oxidation states. Since there is an oxidizing and reducing environment present simultaneously in a
biofilm, the oxidized heavy metals would be precipitated at the oxic layer due to presence of
peroxide and oxygen, whereas the reducing conditions prevailing at the metal biofilm interface

would reduce these heavy metals and make them more soluble.

The iron and manganese deposits in a biofilm on platinum create a condition akin to
corrosion products adhering to stainless steel or carbon steel surface in seawater. This is similar to
an occluded cell condition. The access of electrolyte is restricted, due to the spatial geometry of the
deposits adhering to the surface. There are various examples in the corrosion literature for the
hydrolysis of heavy metals and creation of acids (Pourbaix, 1974; Streicher, 1974; Fontana, 1986).
Occluded cell corrosion at pits and crevices is one form of corrosion in which heavy metal
hydrolysis is often encountered. In the above examples it is the heavy metals in the corrosion

product that become hydrolyzed, whereas in the biofilm it is the heavy metals accumulated due to
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bacterial metabolism that become hydrolyzed. This is the major difference in these two cases.
Rosenfeld (1974) showed a range of pH values starting from 0.71 to 6.64 is possible in a stainless
steel crevice corrosion solution as a result of hydrolysis of various corrosion products. Nash and
Kelly (1993) reported that the crevice corrosion solution developed over type 304 stainless steel is
high in metal and chloride ions with pH less than 2.

Streicher (1974) observed that bacteria deposited manganese from water in heat exchangers.
The deposited manganese subsequently oxidized to permanganate and hydrolyzed to produce an
acidic condition. Streicher (1974) used this information to devise an accelerated test to evaluate the
performance of stainless steels. This shows that bacterially produced manganese can also act as an
acid producer in a biofilm. The purpose of all the above arguments is to indicate the possibilities
that should be considered for decreasing the pH in a biofilm. Bacterially reduced iron and
manganese can diffuse from the anoxic portions of the biofilm, become oxidized at the oxic
interface and produce an acid concentration. This acid can diffuse both into and out of the film.
Whatever diffuses into the film gets trapped, changing the local chemistry of the biofilm-
substratum interface. The acid that is present at the metal-biofilm surface can contribute to
ennoblement. In a complex marine biofilm both direct production of acidity by the microorganisms

and heavy metal hydrolysis can contribute to the total acidity at the biofilm-substratum interface.

Now, based on the chemistry outlined above a decrease in one unit of pH would contribute
a maximum of 60 mV towards the thermodynamic reversible potential of the oxygen electrode in
seawater. If the average pH of seawater is assumed to be around 8 then a drop to a value of 3, as
shown by cyclic voltammetry experiments (Chandrasekaran and Dexter, 1993a; Chandrasekaran
and Dexter, 1993b; Chandrasekaran, 1995) would contribute a maximum of 300 mV. The real

contribution would be less, because of nonequilibrium conditions.

The presence of peroxide in biofilms is important since peroxide reduction can contribute
thermodynamically to ennoblement. Just as peroxide is stabilized for commercial purposes by
adding organics together with salicyclic and boric acids (Vogel, 1989), the peroxide produced in a
biofilm would be stabilized by the organic materials and acidity present in the film. Under acidic

conditions:
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0, + 4H'+4e — 2H0 @=1229VSHE (1)
H,0,+ 2H' +2¢ - 2H,0 @=1716VSHE  (2)

Extensive calculations were made for the potential contribution by peroxide under cyclic
voltammetry simulation conditions. The Nernst equation gives a thermodynamic potential for
reaction (1) as 0.794 V SCE for a pH of 2.9 and a dissolved oxygen concentration of 0.5 ppm.
Under the same conditions with a peroxide concentration of 2.4 mM, the potential of reaction (2) is
1289 V SCE. Thus the presence of peroxide could contribute a thermodynamic maximum of
0495 V to the ennoblement of the OCP under simulated biofilm conditions. The actual
contribution would, of course, be less than the thermodynamic value, but this illustrates that the

magnitude of the peroxide contribution under open circuit conditions could be important.

Development of an aggressive interfacial chemistry involving low pH, low oxygen and
peroxide should enhance the probability of localized corrosion initiation on low resistance alloys.
For example, this type of chemistry may accelerate the initiation and propagation of crevice
corrosion as seen by Zhang (1993). There are also some preliminary indications that such an
interfacial chemistry may also increase the corrosion of galvanic couples in certain cases (Dexter et
al., 1992). Even though seawater acted as the source for accumulating heavy metals on platinum
used in the experiments outlined in this paper, stainless steel alloys themselves may act as a source

for the heavy metals iron and manganese in some cases, thus making the situation worse.
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Conclusions

1. Consortia of both aerobic and anaerobic organisms were required for ennoblement of the OCP in

our tests.

2. The bulk water environment can neither be devoid of, nor super-saturated with oxygen for

ennoblement to occur.

3. Iron and manganese are present in mM concentrations in the biofilms developed at our site.
4. The actions of oxygen, peroxide and the heavy metals, iron and manganese, appear to be
synergistic in that heavy metal cycling and hydrolysis contribute to establishing the low pH

environment so conducive to ennoblement.
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Table 3.1 Concentrations of iron and manganese in a biofilm formed on platinum over
different periods of exposure.

AGE OF THICKNESS | CONC.OF | CONC.OF | OCPVALUE
BIOFILM | OF FILM (mm) FeIn Mn In (mV Vs SCE)
(MONTHS) BIOFILM BIOFILM
(mM) (mM)
0 (Bare None - - 158.8+
Coupon) 5043
2 29 28.72 13.20 251
5 58 25.13 23.28 425
5 44 8.86 21.82 441
24 48 7.33 13.70 463
24 67 10.50 19.21 432
68
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Figure 3.1 Effect of oxygen sparging on OCP of biofimed and ennobled
platinum electrodes vs. control electrodes kept in natural seawater.
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Figure 3.2 Effect of helium sparging on OCP of biofilmed and ennobled
platinum electrodes vs. control electrodes kept in natural seawater.
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Figure 3.3 EDAX data showing elements present in a one week old biofilm
on platinum.
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Figure 3.4 EDAX data for a biofilmed platinum electrode exposed in
seawater for 2 months. Note the iron and manganese peaks.
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Figure 3.5 EDAX data for a biofilmed platinum electrode exposed in
seawater for a period of 4 months.
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Figure 3.6 EDAX data for a biofilmed platinum electrode exposed in
seawater for a period of 5 months.
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Figure 3.7 EDAX data for a biofimed platinum electrode exposed in
seawater for a period of 24 months.
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Figure 3.8 EDAX data for a small particle (9 mm across) found in a biofilm
developed over platinum.
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Figure 3.9 EDAX data for a larger particle (20 to 47 mm across) found in a
biofilm developed over platinum.
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Figure 3.10 ESEM and EDAX data for a biofilmed platinum electrode
exposed for a period of 15 months in Delaware Bay seawater. Note

the iron and manganese peaks.
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Figure 3.11 ESEM and EDAX data for a biofiimed platinum electrode
exposed for a period of 15 months in Delaware Bay seawater. Note
the iron and manganese peaks.
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